The relationship between offspring size and performance determines the optimal trade-off between producing many small offspring or fewer large offspring and the existence of this relationship has become a central tenet of life-history theory. For organisms with multiple life-history stages, the relationship between offspring size and performance is determined by the effects of offspring size in each life-history stage. Marine invertebrates have long been a model system for examining the evolutionary ecology of offspring size, and whilst offspring size effects have been found in several life-history stages, the crucial stage of colonization has received less attention. We examined the effect of offspring size on the settlement response of sea-urchin larvae (Heliocidaris erythrogramma) to preferred and less preferred host plants, how these effects changed over the larval period and estimated the success of juveniles in the field on preferred and less-preferred host plants. We found that smaller larvae became competent to respond to preferred host plant cues sooner than larger larvae but larger larvae rejected less-preferred host plants for longer than smaller larvae. Overall, smaller H. erythrogramma larvae are likely to have less dispersal potential and are more likely to settle in less-preferred habitats whereas larger larvae appear to have an obligately longer dispersal period but settle in preferred habitats. Our results suggest that marine invertebrates that produce non-feeding larvae may have the potential to affect the dispersal of their offspring in previously unanticipated ways and that offspring size is subject to a complex web of selection across life-history stages.
INTRODUCTION
A central tenet of life history theory is that mothers face a trade-off between the number and size of offspring they produce. Thus mothers must balance the benefit of making larger, fitter offspring with the cost of making fewer offspring. Crucial to this balance is the relationship between offspring size and performance, and for more than 50 years, ecologists have examined this relationship in an attempt to understand the selection pressures acting on mothers (Bagenal, 1969; Lack, 1947; Stearns, 1992) . The principal tools for visualizing these selection pressures have been optimality models that include an offspring size to number trade-off and non-linear offspring size fitness relationships (Marshall et al., 2006; Sargent et al., 1987; Smith and Fretwell, 1974; Vance, 1973) . Traditionally, the relationship between offspring size and performance has been examined at a single life-history stage only (Fox, 2000; Marshall et al., 2003; Marshall and Morgan, 2011; Moran and Emlet, 2001; Williams, 1994) , but more recent studies recognize that offspring size can affect multiple life-history stages (Hendry et al., 2001; Marshall and Morgan, 2011) . Clearly, the overall offspringsize-performance fitness relationship will be a product of offspringsize-based performance at each stage. This greatly complicates our view of the selection pressures acting on offspring size: for example, examining the relationship between offspring size and performance in a single life-history stage could lead to misleading conclusions regarding optimal offspring size. If we hope to understand the evolution of offspring size, we need to determine which life-history stages are affected by offspring-size effects and how these effects propagate throughout the life history.
Benthic marine invertebrates have long been the subject of interest with regard to offspring size (Thorson, 1950) and one of the first models examining 'optimal' offspring size was based on this group (Vance, 1973) . Since Vance's model, later models have become more complex, reflecting the fact that offspring provisioning affects multiple life-history stages. For example, larger eggs are more easily fertilized in free-spawners because they provide a larger 'target' for sperm (Levitan, 1996; Marshall et al., 2002) . In species with feeding larvae, larger offspring can have lower mortality in the plankton (Hart, 1995) and more recently, larger offspring have been shown to have greater survival, growth and reproduction after metamorphosis (Marshall et al., 2003; Marshall et al., 2006; Moran and Emlet, 2001) . Despite the recent, intense interest in offspringsize effects in marine invertebrates (Levitan, 2000; Levitan, 2002; McEdward and Miner, 2003; Moran and Emlet, 2001; Podolsky and Strathmann, 1996; Podolsky, 2001) , one crucial phase of the lifehistory stage has largely been overlooked -colonization of habitat following larval dispersal (Burgess et al., 2013) . Importantly, there is a clear, but largely untested mechanism for offspring size to affect colonization in marine invertebrates.
Locating and colonizing a suitable surface is a fundamental event for benthic marine invertebrates. In organisms with a sessile or sedentary adult stage, colonization 'choices' can determine postmetamorphic success and given the typically high rates of mortality shortly after settlement, this stage is likely to exert strong selection pressure (Hunt and Sheibling, 1997; Keough and Downes, 1982; Raimondi and Keough, 1990) . Dispersing larvae are faced with an array of potential settlement sites that will vary widely in their suitability for survival and subsequent growth and the consequences of settlement can be particularly dramatic when juvenile and adult stages have stringent habitat requirements (e.g. Krug and Zimmer, 2000; Williamson et al., 2004) . Accordingly, many species have evolved to respond to highly specific colonization cues in order to maximize their chances of colonizing a suitable habitat (Steinberg et al., 2001) . In some cases, a clear ranking of preferred colonization habitats exists for a species, which reflects relative performance of the colonizer in that habitat (Williamson et al., 2004) . However, as non-feeding larvae age, they deplete their energetic reserves and in many species, they can become less discriminating with regards to settlement cues (Botello and Krug, 2006; Swanson et al., 2007) . The loss of specificity of settlement cues in older larvae has been called the 'desperate-larva hypothesis' (Toonen and Pawlik, 2001) where older larvae are viewed as being close to the energetic minimum necessary to succeed after metamorphosis and will therefore settle spontaneously. The desperate-larva hypothesis is essentially an energetic argument and it suggests that larval energy reserves will affect the onset of a loss of specificity. Generally, conspecifics from larger eggs have higher energetic reserves than smaller conspecifics (Clarke, 1993; McEdward and Chia, 1991; Moran and Emlet, 2001 ) and so we would predict that smaller offspring would become 'desperate' sooner. While initial indications support this prediction in bryozoans (Burgess et al., 2013; Marshall and Keough, 2003b) , the effect of offspring size on the crucial stage of colonization remains largely unexplored.
Given the importance of colonization for fitness and the potential for offspring size to affect colonization choices, we examined how offspring size affected the colonization choices of the sea urchin Heliocidaris erythrogramma Troschel 1872. As an adult, this urchin is found throughout beds of the kelp Ecklonia radiata (Agardh 1848) upon which it feeds and also on areas of shallow sandstone reef where kelp is absent (known as urchin barrens). In contrast to adults, recruits in the field are predominantly found on the erect coralline alga Amphiroa anceps (Decaisne 1842) and in the laboratory, the larvae strongly prefer to settle in the presence of this alga . E. radiata induces some metamorphosis and some larvae metamorphose in the absence of any known cue, but it appears that habitat preferences of recruits and adults in this species are quite different . We first tested how larval age and offspring size affected colonization choices. We then estimated the consequences of newly metamorphosed individuals colonizing the preferred and less-preferred host plants in the field.
RESULTS

Experiment 1. Effect of larval age and host plant
Heliocidaris erythrogramma larvae showed consistently higher metamorphosis when exposed to A. anceps throughout the assay period and generally, across all settlement cues, metamorphosis increased to 100% as larvae aged (Table 1) . Sterile seawater and E. radiata initially induced very little metamorphosis (< 10%) but as larvae aged, this increased to ~50% (Fig. 1) .
Experiment 2a. Effect of larval size in young larvae
Smaller larvae were much more likely to metamorphose in response to the preferred settlement cue than larger larvae (likelihood test from logistic regression: P=0.039) . The average size of larvae that metamorphosed on day 3 was 10% smaller than the size of larvae that metamorphosed on day 4 (Fig. 2) . All of the larvae that failed to metamorphose 3 days after fertilization initiated metamorphosis 1 day later.
Experiment 2b. Effect of larval size in old larvae
Larvae that settled in response to E. radiata were on average much smaller than larvae that settled in response to A. anceps. Evidence for an interaction between 'mother' and 'host plant' was not strong (Table 2 ) but, across all mothers, the average size of larvae that metamorphosed in response to the preferred host plant was greater than those that metamorphosed in response to the less-preferred host (Table 2; Fig. 3 ). Error bar represents the mean square error from the within-subjects error term of the relevant repeated measures ANOVA and is the appropriate error by which to judge changes over time (Quinn and Keough, 2002) . Each bar represents metamorphosis in response to a different host plant: black bars, metamorphosis in response to Amphiroa anceps; dark grey bars, metamorphosis in response to Ecklonia radiata; light grey bars, metamorphosis in response to sterile seawater. In 4-day-old larvae, the host-plant choices of large and small larvae were similar: exposure to A. anceps resulted in the highest proportions of metamorphosis and sterile sea water had the lowest (Fig. 4) . However, as larvae aged, differences in the response of larger and smaller larvae became apparent (Table 3 , Fig. 4 ). Smaller larvae settled in E. radiata at much higher levels than larger larvae, whereas settlement levels in A. anceps and sterile seawater remained roughly the same between the two groups.
Experiment 4. Consequences of host-plant choices
Settled juveniles were much more likely to be retained in the field jars after 2 days in the field in the presence of A. anceps than in the presence of either no host plant or E. radiata (Fig. 5) . Planned comparisons showed no difference in the number of juveniles retained in the E. radiata and the blank field jars, but when these two treatments were pooled, there was a strong difference between A. anceps and the pooled group (Table 4 ).
DISCUSSION
Offspring size in H. erythrogramma affects a number of aspects of the crucial life-history stage of colonization. This study is the first to our knowledge for any organism that has shown offspring-size effects on the timing of metamorphic competence and the colonization choices of young and old larvae -all of which are likely to have significant consequences for fitness. Overall, our study highlights the pervasive nature of offspring-size effects in marine invertebrates and the necessity of incorporating the effects of offspring size on colonization in the theoretical consideration of offspring size.
Heliocidaris erythrogramma larvae showed a difference in their response to A. anceps at colonization in comparison with their responses to E. radiata or sterile seawater, and this ranking appears to reflect subsequent success in the field. In our field experiment, we found that metamorphs were twice as likely to remain in the field jars containing A. anceps than in jars that contained E. radiata. We cannot rule out the possibility that settlers that left our field jars survived well in other habitats, but we believe that this movement out of the cover of the field jars would have resulted in much higher mortality from predators or resuspension into the plankton. However, despite the benefits of settling in A. anceps, larvae began Error bars represent the mean square error from the relevant repeated-measures ANOVA and is the appropriate error by which to judge changes over time (Quinn and Keough, 2002) . Light grey bars indicate mean settlement of large (from >380 m eggs) larvae and dark grey bars indicate mean settlement of small (from <380 m eggs) larvae.
to metamorphose in response to E. radiata and eventually, in response to no cue at all. Because larval swimming is energetically costly in H. erythrogramma (Hoegh-Guldberg and Emlet, 1997) it appears that non-feeding larvae trade-off the benefits of settling with some energetic reserves for post-metamorphic performance with the benefits of settling in a poor-quality habitat. This species adds to a growing list of marine invertebrates that exhibit decreasing selectivity with regards to settlement cues as they age (Bishop et al., 2006; Elkin and Marshall, 2007) and emphasizes the dynamic nature of larval settlement behaviour.
The effect of larval size on the onset of indiscriminate settlement may be due to a range of factors. First, larger larvae have more energetic reserves and, given the importance of energetic reserves for post-metamorphic performance in H. erythrogramma , large larvae may be more able to 'afford' to delay for longer. Larger larvae also have a lower surface area to volume ratio and so the relative costs of swimming may be lower in larger larvae compared with smaller larvae (Wendt, 2000) . Regardless of the ultimate causes, larger larvae are much more likely to reject lower-ranked host-plant cues than smaller larvae as they age.
Whilst larger larvae appear to be more likely to reject lowerquality habitats, there are some environments where the production of smaller larvae may carry fitness benefits. We found that smaller larvae are able to react to the high-ranked host-plant cues a day earlier than larger larvae. It should be noted that the onset of metamorphic competence between large and small larvae may be somewhat overestimated in our study because we only tested larvae every 24 hours. However, clearly, smaller larvae can react sooner than larger larvae to cues for high-quality habitat. The reasons for smaller offspring being able to react to cues sooner are unclear, but interspecific comparisons on marine invertebrates show that species with larger eggs tend to have slower initial cell-cycle durations than species with smaller eggs (Staver and Strathmann, 2002) . Regardless, the effects of offspring size on the onset of metamorphic competence and the onset of indiscriminate settlement behaviour is likely to result in large and small offspring having very different dispersal profiles.
Implications for dispersal
Assuming that a longer planktonic duration means a greater capacity for dispersal, larger H. erythrogramma larvae are likely to disperse farther than small larvae as a result of them taking longer to become metamorphically competent and remaining more discriminate with respect to host-plant cues for longer. This has some interesting consequences for the way in which we view dispersal in marine invertebrates with non-feeding larvae. Typically, larvae for a particular species are viewed (and modeled) as being relatively homogenous in their dispersal potential (Black et al., 1991; Connolly and Roughgarden, 1999; Connolly, 1999) . Our data suggest that mothers that produce larger offspring will produce much more dispersive offspring than mothers that produce smaller offspring. Thus, the significant variation in offspring size we observed among mothers will result in differences in the dispersal profiles of the young of those mothers. It will be interesting to determine whether H. erythrogramma mothers that exist in poorquality habitats produce larger offspring than mothers in low-quality habitats and this increases the likelihood of those young dispersing to a better place (Krug, 1998; Krug, 2001) . Given that offspring size also varies significantly within broods, mothers are effectively producing offspring with a range of dispersal profiles. Interestingly, McGinley et al. (McGinley et al., 1987) suggested that the production of offspring of variable size was only adaptive when mothers could direct their young of different sizes into appropriate habitats, a condition they believed was unlikely. However, our results suggest that there is a clear mechanism for 'directed' dispersal of different sized young into different habitats, although actual settlement outcomes depend on the size and spacing of settlement habitats (Burgess et al., 2013) . When high-quality habitats are small and widely spaced, larvae will become desperate to settle overall but larger offspring will be more likely to go into good-quality habitats and smaller offspring will be more likely to go into poorer-quality habitats. However, when high-quality habitats are closely spaced, smaller larvae are more likely to be able to settle sooner. Given the levels of variation in offspring size observed within broods (Isomura and Nishimura, 2001; Marshall et al., 2008; Marshall and Keough, 2003a; McEdward and Chia, 1991; Turner and Lawrence, 1977) , the minimum dispersal potential of lecithotrophic larvae is likely to be polymorphic within a brood. Polymorphic dispersal profiles have been argued to be adaptive for mothers, ensuring that offspring are spread throughout a range of habitats, ameliorating risk and mitigating intraspecific competition (Raimondi and Keough, 1990; Strathmann, 1974) . Similarly, Laaksonen (Laaksonen, 2004) argues that hatching asynchrony is an adaptive strategy in birds that maximizes parental fitness by reducing variation in the success of their offspring (i.e. bet-hedging). It remains unclear whether variation in egg size within broods is an adaptive or bet-hedging trait in marine invertebrates (Einum and Fleming, 2002; Marshall et al., 2008) or merely an inevitable consequence of egg production (Ramirez-Llodra, 2002; Strathmann, 1995) . Nevertheless, our results suggest that any factors that reduce the size of offspring that are produced (e.g. pollution, maternal diet, depth) (Bertram and Strathmann, 1998; Cox and Ward, 2002; Meidel et al., 1999) will not only result in offspring that perform poorly after metamorphosis, but will also result in previously unanticipated changes in the dispersal profiles of the offspring.
From an ecological standpoint, the effects of offspring size on colonization have some interesting implications. The strength of links between different populations has typically been viewed as a product of the number individuals that are exchanged. Our results suggest that the size and/or quality of individuals will also affect the strength of these links because larger larvae are more likely to make 'good' colonization choices and thus are more likely to survive. From an evolutionary standpoint, our results suggest that offspring size is subject to a complex web of selection, and will be affected not only by post-metamorphic conditions (Emlet and HoeghGuldberg, 1997 ) but also by the availability and type of colonization habitat (Burgess et al., 2013) .
MATERIALS AND METHODS
Production, maintenance and measurement of larvae Adult Heliocidaris erythrogramma were collected regularly from Bare Island, Botany Bay (33° 59 S, 151° 13 W) in New South Wales, Australia, throughout the reproductive season (October-March). To collect gametes, we injected males and females with 5 ml of 0.5 M KCl, which usually induced spawning within minutes. We collected gametes from adults within 3 days of collection from the field. Eggs were fertilized using standard protocols (Marshall et al., 2004) with sperm pooled from at least three different males used as a sperm solution in each case. To measure eggs, larvae or metamorphosed juveniles, we placed them under a dissecting microscope in a small Petri dish containing filtered seawater and captured images using a digital camera attached to a microscope. Later, we used ImagePro V.4 to digitally measure the largest diameter (for eggs or metamorphosed juveniles) or longest larval length as described previously (Marshall et al., 2004) . It should be noted that egg size, larval size and metamorphosed juvenile size are strongly correlated in this species (Marshall et al., 2004) .
To maintain larvae from different mothers, larvae were kept in sterile 1 litre glass beakers (at least two replicate beakers per mother) in 0.45-mfiltered, autoclaved seawater with constant air bubbling through the jar. Larvae were kept at a density of ~100 larvae l 1 . The beakers were maintained in a constant temperature room at 20°C throughout the assays and 50% water changes were made every 2 days. In all cases, the number of replicate settlement jars that were used (see below) reflects the number of culture beakers that were used for each mother.
Settlement assays
We conducted settlement assays by placing 10 larvae in a settlement jar (70 ml, polyethylene specimen jar) filled with 30 ml of freshly collected 0.45-m-filtered seawater, and depending on the treatment, a small piece (2 cm 2 ) of the host plant. Again, the number of settlement jars reflected the number of culture beakers and as such was the unit of replication throughout the analysis. The erect coralline alga A. anceps has been shown to be a strong metamorphosis inducer of H. erythrogramma, while the brown alga E. radiata is a moderate (typically 20-40% metamorphosis) inducer . Incubating larvae in still, filtered seawater results in a very small (<10%) proportion of larvae initiating metamorphosis in the absence of host-plant cues . The algae were collected from Bare Island on the morning of the settlement assays and washed briefly in 0.45-m-filtered seawater before being cut into pieces. Larvae were exposed to the settlement cues during the settlement assays for 6 hours at 20°C in a constant temperature room before being checked for metamorphosis. We classed larvae as 'metamorphosed' if they had produced tube feet and had begun to change shape substantially. All assessments of metamorphosis were done blind with regard to the treatment classification.
Experiments
Do responses to host plants change as larvae age?
To examine whether larvae remain constant in their response to potential algal hosts, we exposed larvae from the same batches but of differing ages to various settlement cues. Larvae were produced from three mothers and sired with a pooled sperm solution. There were two replicate settlement jars for each mother and treatment combination. We examined the settlement responses of larvae 3, 4, 8 and 10 days after fertilization (d.p.f.). Pilot studies showed that very few larvae are capable of metamorphosis at 3 d.p.f. and after 10 d.p.f. most larvae exhibit 'spontaneous' metamorphosis in the culture vessels. At each assay time, we removed larvae from the culture beakers and placed 10 into each settlement jar with E. radiata, A. anceps or just sterile seawater.
2a. Do smaller larvae react to settlement cues sooner than larger larvae?
To examine whether larval size affected the ability of young (3 d.p.f.) larvae to settle in response to a preferred settlement cue, we compared the size of larvae that settled in response to A. anceps with larvae that did not settle. We first measured the size of each larva and then exposed individual larvae (i.e. each larva was in its own jar) from three different mothers (five larvae per mother) to the settlement inducer as described above. Some larvae did not metamorphose at 3 d.p.f. and we exposed these larvae to A. anceps the next day (4 d.p.f.). All of these settled on their second exposure.
2b. Does larval size affect the settlement of 'old' larvae in response to a preferred or less-preferred inducer?
We were interested whether, like old larvae, larger larvae were 'choosier' with respect to plant hosts than smaller larvae. To test this, we exposed larvae from different mothers to the preferred plant host (A. anceps) or the less-preferred plant host (E. radiata). We then measured the size of newly metamorphosed settlers that settled in response to each of the host plants. We used larvae from five different mothers and had 2-6 replicates per plant host × mother combination, resulting in 40 replicates in total.
Do the host-plant responses of large and small larvae differ over time?
Our results in this experiment suggested that smaller larvae are able to react to preferred settlement cues sooner than larger larvae and larger larvae remained choosier with regard to host plants for longer than smaller larvae (see Results). To test this explicitly, we collected eggs from 12 different females (two experimental runs using six females in each), measured 50 eggs from each female and classified each female's clutch as containing either 'large' (391±1.3 m) or 'small' (372±0.7 m) eggs (these diameters translate into a difference of ~15% in volume). These size classes were based on the observed median of the population (380 m diam.). After fertilization we split the developing eggs from each clutch into multiple culture beakers and allowed them to develop for 4 days. At 4 d.p.f., we removed larvae from the beakers and exposed them to either sterile seawater, E. radiata or A. anceps and assayed metamorphosis as described above. We repeated this process at 8 d.p.f. with new larvae from the culture beakers and again assayed metamorphosis in response to the three different cues.
Post-metamorphic consequences of responses to different host plants
To estimate the consequences of metamorphosing in response to the preferred (A. anceps) or less-preferred (E. radiata) host plant, we transplanted settlers into the field on various substrates and measured how many were retained after 2 days in the field. We cultured larvae from five mothers as described above, pooled the cultures and induced metamorphosis at 5 d.p.f. using pieces of A. anceps as an inducer. We used A. anceps as an inducer rather than the species that the settlers would be deployed into the field on because this would have resulted in systematic differences in the size of settlers among the treatments (see Results). Thus all of the larvae had been exposed to A. anceps previously, but were then incubated in 'blank' beakers for a further 2 days. We then placed the metamorphosed individuals into a 5 l beaker containing filtered seawater and left them there for 2 days to completely develop into juveniles. At 7 d.p.f. we placed 10 randomly selected juveniles in each of 17 'field jars'. The field deployment jars consisted of a 120 ml clear, polyethylene jar with a 20-mm-wide bulldog clip affixed to the inside of the jar with clear silicone. Before placing the larvae into the field jars, each jar was filled to the brim with 0.45-m-filtered seawater. Of the 17 jars, seven also had a small piece of A. anceps placed into the bulldog clip and seven had a small piece of E. radiata placed in the bulldog clip leaving three 'blank' field jars that only contained a bulldog clip. We sealed the jars with their lids, placed the jars into insulated aquaria and transported them to the field site at Bare Island (a 20 min drive). To deploy the field jars into the field, we had affixed small (200×200 mm) stainless steel frames to the sandstone seabed with Dynabolts (3 m depth). The frames were haphazardly spread across a relatively flat bed of A. anceps that had E. radiata scattered through it. Using SCUBA, we attached the sealed field jars to the subtidal frames with cable ties and then left the jars undisturbed for 10 min so that any dislodged juveniles in the jars could reattach to a surface. We then carefully removed the lids of each field jar, taking care to ensure that all 10 juveniles were present when we left each jar. We returned to the field after 2 days, resealed the jars with their lids and then retrieved the jars to the laboratory. We chose 2 days because this length of time meant that we could confidently assign the juveniles as 'experimentally deployed juveniles' rather than newly metamorphosed juveniles that had recruited from the plankton (there was no settlement of new juveniles in any of the field jars). The pieces of algae from each treatment remained in place throughout the field deployment. To assess the number of juveniles that were left in each jar, we poured the water from each through a 100 m plankton mesh and examined the inside surfaces of the jars and the pieces of algae under a dissecting microscope (×40 mag.).
Data analysis
For experiment 1, we used a repeated-measures ANOVA where larval age and host plant were fixed factors. For experiment 2a we compared the sizes of larvae that had settled with those that had not, we used logistic regression where metamorphosis at 3 or 4 d.p.f. was the binary response variable and larval size was a continuous predictor variable. We had first included 'mother' as a factor in a logistic ANCOVA but there was no significant interaction between mother and settlement response (P=0.98), and mother explained little variation so it was omitted from the final model, leaving a simple logistic regression. For experiment 2b, we analysed the data used a mixed-model ANOVA where host plant was a fixed factor, mother was a random factor and proportion metamorphosed was the response variable.
For experiment 3, we used a repeated-measures ANOVA to analyse these data where larval size and host plant were fixed factors and settlement rate at 4 and 8 d.p.f. were the response variables. We first included 'run' as a random blocking factor, but there were no interactions between this factor and the treatments of interest (run × larval size × host plant × larval age: F 2,48 =0.517; run × larval size × host plant: F 2,48 =1.12; run × larval size: F 1,48 =0.751) and because it explained little or no variation (run: F 1,48 =0.009), it was omitted from the final model. For experiment 4, we used ANOVA and planned comparisons to test the effect of host plant on juvenile retention. We a priori expected that more juveniles would be retained on A. anceps than E. radiata so we first tested whether there was a difference between the blank jars and those containing E. radiate; we found none, so we pooled these and then tested this pooled group against A. anceps.
